Anisotropic strain-hardening behavior of the TX51 (Mg-5Sn-1Ca) magnesium alloy sheets was investigated in the temperature range of 25-300 C and at an initial strain rate of 5 Â 10 À4 s À1 . Tensile tests were carried out with the loading axis oriented at 0 deg, 45 deg, and 90 deg to the rolling direction (RD) to explore the effects of temperature on the anisotropic strain-hardening behavior of the sheets after hot rolling and annealing. The anisotropic strain-hardening behavior of the TX51 sheet was due to the crystallographic texture as well as mechanical fibering of the microstructure. The former was manifested by the development of a relatively sharp basal {0001} texture, and the latter was caused by alignment in the RD of CaMgSn coarse particles. Kocks-Mecking type plots showed stage III and stage IV strain-hardening behavior at all test temperatures. The directionality of flow stress and initial strain-hardening rates in stage III were discussed based on the Schmid factors of material.
Introduction
Since magnesium is the lightest of all structural metals, there is an increasing interest in using magnesium alloys in the automotive applications [1] . Engineering parts requiring good mechanical properties are frequently manufactured from wrought Mg alloys [2] , which usually possess poor cold formability caused by the limited number of active deformation systems in their hexagonal (hcp) crystal structure. This has long been known as a drawback that has limited the widespread use of Mg alloys. Accordingly, recent efforts have focused on developing new low-cost wrought magnesium alloys possessing good mechanical properties and enhanced high temperature formability [3] . Among many possibilities, Mg-Sn based alloys are of particular interest due to their structural stability at high temperatures [4] . It has been reported that the thermally stable Mg 2 Sn intermetallic particles, uniformly distributed in the Mg matrix, can positively affect the high temperature properties of these alloys [5] . The addition of Ca has been found to further improve the mechanical properties of cast Mg-Sn alloys due to the formation of CaMgSn and Mg 2 Ca phases [6] [7] [8] .
Due to relatively low ductility at room temperature, hot deformation processes have been frequently proposed for magnesium alloys, in which the activation of nonbasal slip systems can result in enhanced ductility [9, 10] . During such processes, strain hardening, dynamic recovery, and dynamic recrystallization (DRX) leading to softening may occur simultaneously, resulting in changes in the microstructure and mechanical properties [11] . Strain hardening is an important parameter in the course of controlling mechanical properties, which describes the plastic behavior of polycrystalline materials, and strongly affects their plastic flow localization and fracture [12] . The strain-hardening behavior of cubic metals is fairly well understood, where the accumulation of dislocations is the dominant hardening mechanism [13] .
Hexagonal metals, however, present a more complex case due to their low symmetry and their strong plastic anisotropy. The observed anisotropy has been attributed to the strong basal texture developed during processing [14] and the activation of the direction-dependent deformation twinning [15, 16] .
Anisotropic tensile flow behavior of an AZ31 Mg sheet has been studied at different temperatures and strain rates [17] . The variations in flow behavior have been attributed to the changes in microstructure resulting from applied tensile conditions as well as the initial texture of the material. The plastic anisotropy and strain-hardening behavior of Mg-6%Li-1%Zn alloy thin sheets have also been investigated at elevated temperatures [18] . Kocks-Mecking type plots were used to illustrate different stages of strain hardening. Anisotropic mechanical properties of the tested sheets, observed at all test temperatures, were ascribed to the texture development caused by different phases present in the material. The objective of the present investigation is to study anisotropic tensile deformation and strain-hardening behavior of the recently developed TX51 magnesium alloy sheet at different temperatures.
Experimental Procedures
The material used was a TX51 alloy with a nominal chemical composition of Mg-5 wt.% Sn-1 wt.% Ca alloy. It was prepared from high purity Mg (99.8%), Sn (99.9%), and Ca (98.5%) melted in a graphite crucible. Melting was carried out in an electrical furnace at 800 C under a covering flux to protect molten magnesium from oxidation. After mechanical stirring, the melt was poured into a bottom filled permanent steel mold preheated to 400 C. The cast billet was a plate of 18 mm thickness, 80 mm width, and 200 mm length. The cast plate was homogenized at 450 C for 5 h and furnace cooled. It was then hot rolled in several passes with a preheating temperature of 440
C to obtain sheets with a thickness of 1.2 mm. After the rolling schedule, the sheets were annealed at 420 C for 1 h. Tensile specimens, 25 mm long and 6.5 mm wide, were punched from the TX51 sheets along the rolling (0 deg), diagonal (45 deg), and transverse (90 deg) directions. The specimens 1 required 30 min to equilibrate at the testing temperature prior to initiation of straining. At least three tensile tests were performed to ensure repeatability and accuracy of the data. The specimens were pulled to fracture in the temperature range of C and at the initial strain rate of 5 Â 10 À4 s À1 , using a SANTAM tensile testing machine. Load-extension curves were obtained over the whole gage length, from which the stress-strain curves and strainhardening behavior were determined. The yield stress was calculated from the stress-strain curves by the 0.2% offset method.
Specimens for SEM and optical microscopy were sectioned, mounted, polished, and then etched at room temperature using a solution composed of ethanol (100 ml), picric acid (4.2 g), acetic acid (5 ml), and distilled water (10 ml). Grain size of the specimens was determined by intercept method. X-ray diffraction (XRD) and energy-dispersive X-ray analysis were carried out on selected samples to identify the phases. Using the Schulz reflection method, texture measurements were performed in a Philips X'Pert diffractometer furnished with a close Eulerian cradle. The intensity distribution of the {0002}, f1010g, and f1011g pole figures were measured. The measurement was performed using Co Ka radiation at 50 kV with the sample tilt angle ranging from 0 deg to 90 deg. The pole figures were used to calculate the orientation distribution functions (ODFs), from which the plane indices and directions of texture components were determined.
Results and Discussion
Figures 1(a) and 1(b), respectively, shows the optical and SEM microstructures of the annealed sheet. The optical microstructure contains nearly equiaxed recrystallized grains with an average size of about 30 lm, which have formed after rolling and annealing processes. Some second phase particles are also evident in the microstructure. The SEM image of the material represents a better view of the fine second phase particles distributed within the matrix. A higher magnification view of the particles depicted in Fig. 1 (c), exhibits that there are some fine particles with a rather random distribution, while some coarser rodlike particles are mainly aligned in the RD. The qualitative analysis of these particles determined by the energy dispersive spectroscopy analysis shows the composition of Ca 31.3 Mg 36.5 Sn 32.2 , which corresponds to the CaMgSn compound. The slightly overestimated Mg percentage can be a result of large interaction volume of electron beam with Mg matrix which leads to the emission of X-ray from material beneath the particles. According to the XRD result, shown in Fig. 2 , both Mg 2 Sn and CaMgSn phases are present in the a-Mg matrix. The lamellar eutectic structure consists of a-Mg and Mg 2 Sn lamellae, while the rodlike intermetallic compound is the CaMgSn phase.
To study the effect of temperature on the deformation behavior of the alloy at different angles to the RD, the engineering stressstrain curves obtained at various temperatures are shown in Fig.  3(a) . As depicted in this figure, the material shows different behaviors in terms of flow stress and elongation at different test temperatures. It can be seen that the flow stress decreases and the total strain increases with increasing temperature. The curves obtained at the lower temperatures of 25 and 150 C exhibit significant strain hardening and uniform plastic deformation before fracture. As the temperature increases, however, the uniform deformation decreases and the material relies mainly on the postuniform deformation, which is accompanied by substantial straining before failure. The observed behavior is a consequence of a competition between hardening processes such as dislocation storage, and softening processes of dynamic recovery and DRX. For the present material, hardening also involves solid solution strengthening and interaction with dislocation forests, and nondislocation obstacles such as second phase particles shown in Fig.  1 . The activation of nonbasal slip systems such as double crossslip of hc þ ai, dislocation climb or glide, and DRX have also been introduced as the possible mechanisms that lead to the softening of magnesium alloys at elevated temperatures [19] [20] [21] . Another feature of Fig. 3(a) is that the material exhibits higher C, is shown in Fig. 3(b) . It is evident that the flow stress at 90 deg is the highest and that at 0 deg the lowest, that of 45 deg lying in between at all test temperatures. It is of some interest to compare the yield and tensile strength of the present TX51 alloy with those of the AZ31 sheets reported in the literature [19] . This comparison is made in Fig. 4 . It is inferred that at the low temperature below 100 C the strength of AZ31 is significantly higher than that of the TX51 alloy. This is mainly because the AZ31 alloy was in the half-hard (H24) condition, which is stronger than the annealed condition of TX51. As the temperature increases to 150 C, however, the strength levels of both materials get closer. Above 200 C, AZ31 loses its strength drastically, while TX51 maintains both its yield and tensile strength. This may imply that the present wrought material is potentially suitable for high temperature applications where strength is of main concern. The superiority of the TX51 alloy is attributed to presence of the thermally stable CaMgSn second phase particles which resists softening at high temperatures.
The observed flow stress anisotropy can be related to the rolling crystallographic texture which may provide favorable orientation for basal slip systems in most grains. It is well known that since the critical resolved shear stress of a basal plane at room temperature is much lower than that of a nonbasal plane, the mechanical properties of wrought Mg alloys are greatly influenced by the texture [22, 23] . This is shown in terms of {0002} and f1010g pole figures, and the constant / 2 sections of ODF plot for the present hot rolled and annealed sheets in Fig. 5 . The {0002} pole figure in Fig. 5(a) shows that the sheet had a strong basal texture in which angular distribution is a little broader toward the RD than the transverse direction (TD). As can be seen, the alloy sheet shows a single peak in the basal poles. In the {0002} basal texture, the strongest peak (i.e., 11.7 mrd) is centered at a position with / ¼ 340.5 deg, w ¼ 3 deg Euler angles, namely, {0002} h1120i texture component. This indicates that there is a tendency to Fig. 4 Comparison of (a) yield stress and (b) ultimate tensile strength of the TX51 and AZ31 magnesium alloys at various temperatures exhibit a basal texture in which the majority of the grains are oriented in such a way that their basal planes are close to the plane of the sheet. The strong (0002) basal fiber texture and the alignment of basal planes parallel to the sheet surface resemble the typical texture observed in rolled magnesium alloys [24] . The f1010g pole figure in Fig. 5(b) is indicative of a fiber texture component with a maximum intensity of 7.6 mrd and alignment preference to RD rather than to TD, the complete distribution of which is shown in Fig. 5(c) . The symmetry of the orientation distribution is due to hexagonal crystal structure for the present alloy. It can be seen from A valuable parameter that can be determined from the numerical ODF data is the Schmid factor. This factor, defined as m ¼ s/ r ¼ cosk cos/, determines what proportion of the applied normal stress r will be resolved on the slip system of interest, where k and / are the angles between the stress axis and the slip direction and slip plane normal, respectively. Table 1 that, in the 0 deg samples, not only the primary basal slip system but also the prismatic hai and pyramidal hai slip systems have the highest Schmid factors, resulting in a higher degree of freedom for deformation, and hence, the higher ductility. Therefore, it is expected that the yield stress is the lowest and the elongation is the highest in the 0 deg samples among all the samples tested at room temperature. This was previously observed in Fig.  3 . Upon tensile deformation of the 0 deg, 45 deg, and 90 deg samples, however, pyramidal slip hc þ ai system exhibits the highest Schmid factors of 0.475, 0.382, and 0.262, respectively. Consequently, the onset of deformation is associated with hc þ ai slip system, the activation conditions of which in Mg alloys are reviewed in detail by Kang et al. [25] . The development of a strong basal texture together with the contribution of the nonbasal slip systems in the beginning of deformation has been attributed to the reduction of c/a ratio of magnesium due to the presence of Ca and Sn alloying elements in the present alloy [26] . The change in the c/a ratio leads to the solid-solution softening on the nonbasal slip planes, contributing to the observed higher elongations [27, 28] .
In order to examine the strain-hardening behaviors of the specimens tested at various temperatures at an initial strain rate of 5 Â 10 À4 s
À1
, Kocks-Mecking plots were constructed, as shown in Fig. 6 . In this figure, the strain-hardening rates H (dr/de) are plotted against net flow stresses (rÀr o ), where r o is the yield stress. As can be seen, after yielding the easy glide stage I and linear hardening stage II are absent for all conditions. Yet, the trend of strain hardening in the samples corresponds well with the work-hardening stages III and IV of the Kocks-Mecking (K-M) diagram. This can be attributed to the high density of dislocations in the samples resulted from previous thermomechanical treatment which predominates the dislocation annihilation over dislocation multiplication [29] . It has been suggested that rolled magnesium sheets with basal texture show a suppression of stage II and the development of a linear stage III from the beginning of deformation, probably by the enforcement of prismatic slip [30] . Furthermore, closely spaced CaMgSn and Mg 2 Sn phases and their high volume fraction in the specimens may render cross-slip. Stage III is affected by dynamic recovery, which is encouraged in metals with relatively high stacking fault energy [31] . Therefore, the lack of stage II and presence of stage III hardening in the present magnesium alloy may also be attributed to the relatively high stacking fault energy of Mg (125 mJ/m 2 ) [32] . The anisotropic hardening behaviors observed in the specimens with different orientations may be stemmed from both mechanical fibering of the microstructure and crystallographic texture. Mechanical fibering is manifested by the preferred alignment in the RD of coarse rodlike particles, as shown in Fig. 1(c) . On the other hand, the crystallographic texture results in the anisotropic hardening due to difference in the activity of deformation modes during tensile test [33, 34] . This means that orientation of grains in basal plane toward RD necessitates nonbasal slip along TD, and consequently, higher strain-hardening rate in TD specimens. As can be seen in Fig. 6 , the rate of decrease in dr/de in stage III decreases with increasing temperature. This may be attributed to encouragement of dislocation annihilations by the thermally activated process of cross-slip [30] . On the other hand, higher density of obstacles in a specific direction provides numerous sources of dislocation multiplication and renders cross-slip, and thus leads to directionality of dislocations annihilation. This can help a material to maintain its strain-hardening capacity up to higher levels of the net flow stress [35] . An interesting feature of Fig. 6 is that beyond stage III the present alloy is hardened in stage IV, wherein the stress increases with a very low rate. This has been ascribed to the increased dislocation mobility via profuse cross-slip [9, 36] . Comparing Figs. 6(a) with 6(d), it is noteworthy that the strainhardening rate and stress at which the transition to stage IV occur both decline slowly with increasing temperature, and at the same time, the span of stage IV becomes shorter.
Another parameter that can be deduced from Fig. 6 is the initial strain-hardening rate (H III 0 ) of stage III, which varies with Fig. 7 . The observed temperature dependence of H III 0 is in agreement with those reported for single crystals of pure magnesium [37, 38] . As can be seen in Fig. 7 , this parameter is also a function of specimen direction so that the initial strain-hardening rate is higher in TD that that in RD at all temperatures. Nevertheless, the difference diminishes at high temperatures. Considering the 17 GPa shear modulus of magnesium, the initial strain-hardening rate at room temperature is approximately one-third of the material shear modulus and reduces to about one-fifteenth of that at high temperature.
Conclusions
The effect of temperature on the strain-hardening behavior of hot rolled and annealed Mg-5Sn-1Ca alloy sheets was investigated. An equiaxed recrystallized microstructure with an approximately uniform distribution of the Mg 2 Sn and a preferred alignment in the RD of CaMgSn second phase particles was observed in the processed sheets. The sheets deformed in tension exhibited noticeable anisotropy of mechanical properties and strain-hardening behavior due to strong texture and mechanical fibering of the microstructure. Higher strengthening was observed in the transverse direction at all test temperatures due to lower Schmid factors. At all test temperatures, stage III with various decreasing strain-hardening rates occurred immediately after yielding in the specimens taken at different directions. Stage III strain hardening is sensitive to temperature which indicates the progressively increasing effectiveness of recovery processes with increasing temperature in this stage. The initial strain-hardening rate of the alloy in stage III decreased from approximately onethird of the material shear modulus at room temperature to about one-fifteenth of that at 350 C. 
